A module for ice-based thermal energy storage (TES) systems has been developed and integrated within EnergyPlus. The TES module uses building load and system thermodynamics (BLAST) models for two direct ice systems (ice-on-coil external melt and ice harvester) and one indirect ice system (ice-on-coil internal melt). The TES systems are integrated as part of the EnergyPlus cooling plant components and are able to operate for any charge/discharge rates provided as input data. In this paper, the structure of the TES module as implemented in EnergyPlus is described. In addition, typical input-output variables from the added TES module are illustrated. Moreover, the operation of the TES systems is discussed for various conventional control strategies.
Introduction
Thermal energy storage (TES) is an electrical load management and building equipment utilization strategy, which can reduce utility electricity demand and equipment first-costs. Indeed, TES systems have been utilized as a demand-side management (DSM) strategy by several utilities to shift electricity use associated with cooling from on-peak periods to off-peak periods. For building managers and owners, TES systems are designed to avoid high utility demand and energy charges from cooling during on-peak periods associated with time-of-use (TOU) rates or real-time pricing (RTP) rates. In addition, TES systems have been promoted as a means to reduce installed chiller capacity. Typical applications of TES systems include medium-size to large office buildings, hotels, and retail stores.
The main obstacle that hinders a wider acceptance of TES systems is the lack of understanding among HVAC designers and facility operators of the proper operation and control that improve the cost-effectiveness of TES systems [1, 2] . Several studies have proposed improved optimal control strategies for TES systems [3] [4] [5] . However, almost all of these studies are based on either simplified TES models or sole analysis of the cooling plant without considering the impact of the entire building operating and design conditions such as building thermal mass and internal gains effects. In this paper, realistic models for TES systems are integrated within the state-of-the-art whole-building simulation program, EnergyPlus, to allow for future analysis of the performance of TES systems under various control strategies and design options.
The TES model is based on a steady-state plant model developed by King and Potter [5] using algorithms adapted from the building load and system thermodynamics (BLAST) energy simulation program [6] . The model was designed to meet building cooling load directly and was used in evaluating optimal control of ice thermal energy storage systems [4] . The TES model was developed as a packaged unit system containing zone fan-coil unit, chiller, pump, and cooling tower. Unfortunately, the model cannot be used in EnergyPlus directly due to the optimal control methodology employed and the fan-coil unit system which is already contained in EnergyPlus. The new TES plant module, presented in this paper, is developed to work as an integral part of EnergyPlus plant equipment and to accommodate the entire continuum of charge/discharge rates given as user input data.
This paper describes the structure of the TES plant module as integrated within EnergyPlus. In addition, typical input-output variables from the added TES module are illustrated. Finally, the operation of the TES systems is evaluated for conventional control strategies including chiller-priority and storage-priority using a small office building.
TES model description
As in BLAST, TES systems are modeled as heat exchangers with the charging/discharging rates as functions of the state-of-charge and the log-mean temperature difference between the ice and brine side. The dependence on the state-of-charge is determined using a fifth-order polynomial fit to manufacturers' data. Three ice storage systems are considered in the TES module implemented in EnergyPlus: ice-on-coil internal melt, ice-on-coil external melt, and ice harvester. The details of the TES models and the polynomial fits are described in King and Potter [5] .
When modeling TES system in EnergyPlus, two chillers are considered in addition to the TES system: a base-load chiller to directly meet the building cooling load either during on-peak or off-peak periods, and a dedicated TES chiller to charge the TES system. The TES chiller cannot be utilized to directly meet building cooling load. The TES module integrated in EnergyPlus includes all ice-making equipment such as TES chiller, pumps, and associated cooling tower as well as the TES system. Fig. 1 illustrates how the base-load chiller, the TES chiller, and the TES system are modeled as part of the Plant Supply Side Cooling Loop within EnergyPlus.
A TES system is continuously operating over the entire range of designed charging/discharging rates. Its capacity is generally characterized by a charge/discharge rate as expressed in Eq. (1):
whereQ ice is the TES charge(+)/discharge(−) rate (kW), Q TES the TES capacity (kWh), u the charge/discharge rate (fraction), and t the simulation time interval (hour). Three basic operation modes can be conveniently considered over the continuum of charge/discharge rates: • dormant mode: u = 0; • charging mode: u > 0; and • discharging mode: u < 0.
Dormant mode
When the TES system is not operating, the charge/discharge rate is set to zero (u = 0) in an hourly schedule defined specifically for the TES operation. In the dormant mode, the TES module assumes that TES mass flow rate is zero, and that the outlet water temperature is the same as the inlet water temperature. In summary, there is no TES capacity to handle building cooling loads or to make ice.
Charging mode
In charging mode, the dedicated TES chiller integrated in the TES module produces ice at the charging rate, u, as long as it has sufficient ice-making capacity. After every time step, t, the level of ice in the TES system, x, is increased according to Eq. (2). It should be noted that the actual value of the charging rate, u, used in Eq. (2) may be different from user input data since it is adjusted every time step based on the thermal and physical operational constraints of the chiller and TES system. In particular, the actual value for u is calculated by taking into account the maximum TES plant charging capacity and the maximum TES chiller capacity to charge the TES system.
where x t is the current state-of-charge (fraction) and x t − t the previous charging level (fraction). Based on the actual charge rate and the estimated ice level, the TES chiller inlet water temperature is calculated every time step using a set of user-defined outlet water temperatures in an hourly schedule. Once the inlet water temperature is calculated given the ice-making load and outlet water temperature, the electricity consumption of the TES chiller is calculated.
Discharging mode
The TES system provides cooling capacity to meet the cooling demand calculated by the supply side in EnergyPlus. The cooling capacity from the TES system is determined from the discharge rate, u (u < 0) set by a user-defined hourly schedule. If the user-input discharge rate cannot be provided by the TES system due to, for instance, insufficient available capacity, an actual discharging rate, u, is determined based on the existing ice level in TES system and on the current inlet water temperature from EnergyPlus. The mass flow rate through TES is then calculated using Eq. (3) from the cooling load to be met by the TES system and the temperature difference between inlet water temperature and supply loop water setpoint temperature. Outlet water temperature is equal to the supply loop water outlet setpoint temperature. The ice level of TES plant is also adjusted using Eq. (2) .
whereṁ ice is the TES water mass flow rate (kg/s),Q ice the TES cooling load (W), c p, water the specific heat of water (J/kg • C), T inlet the inlet water temperature from EnergyPlus ( • C), T Loop setpoint the supply loop setpoint water temperature ( • C).
Implementation of TES module
Fig . 2 illustrates the three TES operating modes described above as implemented in EnergyPlus. In addition, Fig. 2 indicates the interactions between the TES system and other existing systems in the EnergyPlus environment [7, 8] .
In particular, "PlantLoopSupplySideManager" module calculates the demand on the plant loop, selects the equipment that is available to meet the demand based on the plant operation scheme, and calls the equipment simulation modules (including the new TES module) to operate each piece of equipment on the loop. The subroutine "ManagePlantSupplySides" in "PlantLoopSupplySideManager" is the main driver routine for the plant equipment simulation. Its main function is to determine which pieces of plant equipment are operating and to call the appropriate equipment simulation managers. Then, each element of plant equipment is simulated with the priority set by a user-defined building load range. After each plant simulation is completed, the loop properties such as mass flow rate, inlet water and outlet water temperatures are updated and reported as node properties in EnergyPlus.
Structure of the ice thermal energy storage module
This section provides a more detailed description of the input variables as well as the general structure of the TES module. 
Input data

TES module structure
The TES module consists of several subroutines that are called from EnergyPlus or from other internal calculation routines within the TES module. Major subroutines within TES module are briefly described below.
IceThermalStorage module
The module IceThermalStorage simulates the performance of the TES system to meet the building cooling load from the cooling plant. This module can be included into the main program if it is to be used.
SimIceStorage
The subroutine SimIceStorage is called by PlantLoopSuppySide module, which contains all of the plant modules for EnergyPlus. Access to the module and its data elements are only allowed through this subroutine. All other routines, except the routine CalcIceStorageCapacity, are accessed from the main driver routines.
GetIceStorageInput
The input data for TES system and TES chiller are read by routine GetIceStorageInput. The read data are then delivered to other subroutines within the IceThermalStorage module.
CalcIceStorageCapacity and CalcUAIce
These two subroutines are called at each "time step" to calculate current minimum and maximum TES system capacity and the overall TES heat transfer coefficient. Every time step, the TES capacity is updated to estimate current values for the ice level, discharging rate, and chiller outlet temperature. The routine CalcIceStorageCapacity is called from the module PlantLoopSupplySideManager to calculate the maximum and minimum TES system capacity before simulating one of the charging/discharging modes (i.e., dormant, charging, discharging).
CalcIceStorageDormant, CalcIceStorageCharge, and CalcIceStorageDischarge
These subroutines are the main subroutines of the simulation TES module. The three subroutines are called from the subroutine SimIceStorage depending on user's hourly input data for charging/discharging rates.
UpdateNode
After simulating the performance of the TES system, the subroutine UpdateNode updates outlet side node properties for the TES plant, which includes outlet water temperature and mass flow rate.
RecordOutput
The subroutine RecordOutput provides the results from the TES module to be reported in an EnergyPlus output file.
Results
To test the TES module as implemented in EnergyPlus, the performance of an ice storage system is evaluated under two conventional operating strategies: chiller-priority and storage-priority. A three-zone building with a variable air volume (VAV) system is considered. Fig. 3 illustrates the 200 ft 2 ), and 27 m 2 (300 ft 2 ) with a ceiling height of 3 m (9 ft). The lighting and equipment power density for each zone is set to be 22 W/m 2 (2 W/ft 2 ) and 54 W/m 2 (5 W/ft 2 ), respectively. A centrifugal TES chiller with a capacity of 24 kW (6.76 t) and an ice-on-coil internal melt ice storage system with a capacity of 80 kWh (22.5 t h) are added to the building cooling plant which includes a centrifugal base-load chiller with a capacity of 40 kW (11.4 t). Table 1 provides the schedules for the indoor temperature set-point and the electricity charges considered in the analysis. Various 1-day simulations are performed using EnergyPlus to determine the energy use and energy cost of cooling the building on 21 July with and without the TES system. Fig. 4 . Performance of the TES system using chiller-priority control: charge/discharge rate, ice level, and chiller energy use. Table 2 illustrates a typical output report generated by EnergyPlus to assess the performance of the TES system. Figs. 4 and 5 present the hourly variations of TES inventory level, charge/discharge rate, and chiller electricity use for chiller-priority control and storage-priority control, respectively. The chiller electricity use is attributed to the TES chiller during unoccupied period and to the base-load chiller during occupied period. For both control strategies, the TES ice level increases up to about 90% during unoccupied period (from 1 to 7 a.m.). During on-peak period, chiller-priority control decreases the ice level since the TES system is used to partially meet building cooling load. As depicted in Fig. 4 , the remaining ice level is about 63% at the end of the day. The ice tank is recharged during the off-peak period so that excess storage capacity remains at the end of the day.
In the case of storage-priority control, the ice is completely melted at the end of the on-peak period. As depicted in Fig. 5 , the chiller has to be operated to meet a portion of building cooling load during all hours of the on-peak period due to the limited storage capacity of the TES system. It should be noted that to be effective, storage-priority control requires some forecasting of building cooling load.
The impact of EnergyPlus simulation time step is evaluated using storage-priority control. Table 3 summarizes the building energy use and energy cost obtained for various simulation time steps. The results indicate that both energy use and energy cost increase slightly when EnergyPlus simulation time step is decreased. However, the selection of the time step has a minimal effect on estimating building energy use and energy cost. TES system (operated with storage-priority control). Three sizes for TES storage system and TES chiller are considered in the analysis: 80 kWh (22.5 t h) and 24 kW (6.8 t), 140 kWh (39.4 t h) and 42 kW (11.9 t), and 200 kWh (56.3 t h) and 60 kW (17.0 t). Fig. 6 clearly shows that chiller electricity demand can be reduced significantly during on-peak period by increasing the capacity of the TES plant. Table 4 lists the building energy use and energy cost for various control strategies and TES system sizes. As indicated in Table 4 , the use of a TES system increases the energy use but decreases on-peak demand. Storage priority control leads to more savings than chiller-priority control. In particular, the total electricity charges for the building can be reduced by 45% when storage-priority control is applied to operate sufficiently large TES system. 
Summary
A thermal energy storage module based on BLAST models for three ice storage systems has been developed and integrated into EnergyPlus. The subroutines as well as the input-output variables of the TES module have been described in this paper. The developed TES module was tested and evaluated using a three-zone building model. The potential cost savings attributed to the use of TES system are evaluated for various conventional control strategies and TES chiller and storage tank sizes. While conventional controls can save energy cost, better control strategies should be considered and evaluated for TES systems. The integration of TES module in combination with the integration of optimization routines within EnergyPlus, as described in Zhou et al. [9] , provides HVAC designers and facility operators with an effective simulation environment to determine the best control strategy for a building equipped with a TES system.
